Abstract : 2D display is a fast and economical way of visualizing polymorphism and comparing genomes, which is based on the separation of DNA fragments in two steps, according first to their size and then to their sequence composition. In this paper, we present an exhaustive study of the numerical issues associated with a model aimed at predicting the final absolute locations of DNA fragments in 2D display experiments. We show that simple expressions for the mobility of DNA fragments in both dimensions allow one to reproduce experimental final absolute locations to better than experimental uncertainties. On the other hand, our simulations also point out that the results of 2D display experiments are not sufficient to determine the best set of parameters for the modeling of fragments separation in the second dimension and that additional detailed measurements of the mobility of a few sequences are necessary to achieve this goal. We hope that this work will help in establishing simulations as a powerful tool to optimize experimental conditions without having to perform a large number of preliminary experiments and to estimate whether 2D DNA display is suited to identify a mutation or a genetic difference that is expected to exist between the genomes of closely related organisms.
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-Introduction
Two-dimensional (2D) DNA display was first described by Fisher and Lerman [1] [2] [3] .
This is an electrophoresis technique, which consists in separating DNA fragments in two steps, according first to their size and then to their sequence composition. The first step uses traditional slab electrophoresis, for example in agarose or polyacrylamide gels. Collisions between DNA and the gel reduce the mobility of DNA fragments, so that the gel acts as a sieve and the electrophoretic mobility becomes size-dependent, with smaller molecules generally going faster than large ones [4] . In the second dimension, fragments of identical length are separated on the basis of their sequence composition, thanks to a gradient of either temperature (TGGE : temperature gradient gel electrophoresis) or the concentration of a chemical denaturant, e.g., a mixture of urea and formamide (DGGE : denaturing gradient gel electrophoresis), both methods being closely related (see [5, 6] and below). The effective volume of denaturated regions being larger than that of double-stranded ones, the mobility of a given fragment decreases as the number of open base pairs increases. Since AT-rich regions melt at lower temperatures than GC-rich ones, GC-rich fragments usually move farther than AT-rich ones.
Although 2D DNA display has recently been applied to the comparison of the genomes of closely related bacteria [7] [8] [9] , this method is still essentially empirical and simulations have only been used to a very limited extent to plan experiments and interpret results [10] [11] [12] . In particular, it has been shown only recently [12] that the final relative positions of DNA fragments in 2D display experiments can be predicted with satisfying precision using a model that combines step-by-step integration of the equation of motion of each fragment and the use of the open source program Meltsim [13] to estimate the number of open base pairs at each step of the DGGE phase. This kind of simulations will therefore certainly develop further, in order to help optimize experimental conditions (denaturing gradient range, electrophoresis duration, etc) without having to perform a large number of tedious preliminary experiments, and to predict whether 2D DNA display is a convenient tool to identify a given mutation or a genetic difference that is expected to exist between the genomes of closely related organisms.
The goal of this paper is to extend the results presented in [12] along several lines.
First, these results were obtained by modifying one parameter in existing formulae for the mobility of the DNA fragments during each phase of the 2D display process [5, 14, 15] . The point is that the formula, which was used to estimate the mobility of the fragments during electrophoresis along the first dimension, is rather complex and involves many parameters [14, 15] . It is therefore not ideally suited for fitting purposes. We will show that the corresponding procedure can be greatly simplified without deteriorating the quality of predictions. Moreover, calculations in [12] disregarded absolute positions and considered only relative ones. This may be dangerous, because the positions of all fragments will be badly predicted if, by lack of chance, the displacement of one of the two fragments that serve as a basis to define relative positions is badly modeled. In addition, while it is indisputable that traditional electrophoresis along the first dimension is a process that is linear with respect to both time and distance, which allows one to use relative instead of absolute positions, this is no longer the case for the second dimension : denaturation is indeed a very abrupt process, so that use of relative coordinates becomes rather questionable. We will show in this paper that it is possible to handle absolute rather than relative positions, provided that one modifies the relation, which is used to estimate the equivalent temperature at a given position of the denaturing gradient gel, i.e., for a given concentration of the chemical denaturant [6, 16, 17] . 
-Materials and methods
According to the definition of mobility, the position y of sequence s at time t in a constant electric field E satisfies In this work, we integrated such equations of motion for the 40 fragments already discussed in [12] , which were obtained from the site-specific restrictions of λ-phage genomic DNA using EcoRI, Eco47I, Eco91I, HindIII and PstI, respectively. As reported in the first columns of 3) with the experimental value E=7 V/cm for 44 h by steps of 7 mn and checked that results do not vary when the total integration time is increased to 80 h and the time step lowered to 1 mn. We also checked that these results are similar to those obtained with an integration time of 24 h, which coincides with the experimental duration, and concluded that DNA sequences were already stopped at the end of the electrophoresis experiments.
As will be seen in more detail in Sect. 3.2, the calculation of
requires the estimation of the number of open base pairs of sequence s at a temperature T which has the same denaturation effect as the local concentration of denaturant. This was achieved as in [12] by using the open source program MeltSim [13] , which is based on Poland's algorithm [18] and Fixman and Freire's speed up approximation [19] . We used the set of thermodynamic parameters of Blake and Delcourt [20] 
-Results and discussion

-Mobility in first dimension : separation according to size
Van Winkle, Beheshti and Rill (vWBR) [14, 15] recently proposed an empirical formula, which correctly reproduces the observed mobilities of DNA fragments for a large number of experimental conditions across the three sieving regimes [4] . This formula writes van Winkle et al [15] . Still, the somewhat different experimental conditions of [12] Table 1 . Experimental positions correspond to the average of the positions observed in three different experiments, while the associated uncertainties were estimated by taking the standard deviations for these three experiments. Note that the results of a fourth experiment, which differ markedly from the three other ones, were discarded. It can be checked that the root mean square deviation between observed and calculated absolute positions, that is 0.05 cm, is almost four times smaller than the average experimental uncertainty, which is 0.19 cm.
-Mobility in second dimension: separation according to sequence composition
It appears that very few studies have addressed the question of the electrophoretic mobility of partially melted DNA sequences. To our knowledge, there is indeed only one available model [5] , which is inspired from previously existing results for the mobility of branched polymers in gels. Although this model has no firm theoretical background and should be tested under a larger range of experimental conditions, several studies performed so far have reported fairly good agreement with experimental data [16, 17] . According to this model, the mobility of a partially melted DNA sequence decreases exponentially with the size of the melted regions, that is T and α are considered as free parameters. We also took into account the very slight increase in solvent viscosity due to the gradient of denaturant by slightly adjusting the mobilities of the DNA sequences at each time step, as described in [6] . T and α to reproduce the experimental results of [12] .
These DGGE experiments were performed with 9 cm long plates and a denaturant concentration d C increasing regularly from 25% to 100% between the extremities of the plates (the total concentration of stock denaturant was computed using the protocol given by Myers et al [21] : 100% stock denaturant corresponds to 7 M urea and 40% deionized formamide). As for the first dimension, the absolute positions and uncertainties reported in Table 1 were obtained from three different experiments, while the results of a fourth experiment, which differ markedly from those of the three other ones, were discarded. We 
-Concluding remarks
In this paper, we have presented an (hopefully) exhaustive study of the numerical issues associated with a model aimed at predicting the final absolute locations of DNA fragments in 2D display experiments. In particular, we have shown that simple expressions for the mobility of DNA fragments in both dimensions allow one to reproduce experimental final absolute locations to better than experimental uncertainties. We have furthermore pointed out that the results of 2D display experiments are not sufficient to determine the best set of parameters for the modeling of fragments separation in the second dimension and that additional detailed measurements of the mobility of a few sequences are necessary to achieve this goal.
It was mentioned in the discussion at the end of [12] , that the weakest part of this model is probably Eq. (3.3), which expresses the mobility of a partially melted DNA sequence as an exponentially decreasing function of the size of the melted regions, and that the r L parameter should include some dependence on the properties of the gel (for example its concentration and the size of the pores) and the studied DNA sequences (for example their length, whether melting occurs at the extremities or inside the fragment, whether there is a single melted region or several ones, etc). We made several attempts along these lines, but all of them were unsuccessful. The reason for this is that the errors displayed in the last column of Table 1 show no particular dependence on the length of the fragments, their GC content, the distribution of the GC content inside the fragment and the number of melted regions at each temperature. This, in turn, is probably due to the fact that experimental uncertainties, which result essentially from the difficulty to control precisely the reproducibility of experimental conditions, are almost twice as large as the root mean square deviation between experimental and calculated positions. To our mind, it will not be possible (nor will it be necessary !) to improve the model discussed here and in [12] as long as experimental uncertainties will not be made substantially smaller than what can be achieved in today's experiments.
The authors declare no conflict of interest. 
